River Gomti receives treated/untreated industrial as well as municipal wastes from various drains of Lucknow city, India. In order to study heavy metal pollution (Cd, As, Pb and Cu) in the river, water and sediment samples were collected from 10 sampling stations along a 9 km stretch in the city of Lucknow. Results revealed that the concentrations of heavy metals in water samples were in the range: As: 0.035-0.061, Cd: 0.016-0.068, Cu: 0.029-0.062 and Pb: 0.031-0.065 mg l -1 whereas in sediments metal concentrations were found to be As: 3.72-14.98, Cd: 1.91-8.39, Cu: 8.97-95.35 and 35.82-90.92 g g -1 . Bioaccumulation of these metals was assessed in four aquatic macrophytes, viz. Pistia stratiotes, Eichhornia crassipes, Polygonum coccineum and Marsilea quadrifolia. Pistia stratiotes and Polygonum coccineum accumulated maximum amount of Pb followed by Cu, Cd and As, whereas in the case of Eichhornia crassipes and Marsilea quadrifolia the relative metal accumulation pattern was found as Cu > Cd > Pb > As and Cu > Pb > Cd > As respectively. The present study suggests that though the concentrations of toxic metals were lower in water, chronic exposure could result in bioaccumulation to a degree many-fold higher than in growing medium. It was also concluded that the water and sediment of the river should be regularly monitored for heavy metal contamination and care should be taken while using river water in agriculture/ aquaculture. Keywords: Bioaccumulation, Gomti River, heavy metals, macrophytes, sediments.
MOST civilizations in the world flourished on or close to river banks. As a direct consequence and through passage of time, the water and the sediments of these rivers suffered contamination affected by municipal and industrial contaminants 1 . Studies have shown that toxic metals constituted significant proportion in these waste materials which impart acute and chronic virulent characteristics to the wastes and sediments 2 . Heavy metals present in water, sediments and macrophytes play a crucial role in identifying the sources and paths of heavy metal pollution in aquatic ecosystems [3] [4] [5] . River water quality broadly depends on natural processes such as precipitation, soil erosion, weathering, etc. and human input, mainly through exploitation of water for industrial, agricultural and urban activities 6, 7 . Because river water is used as a primary water resource for irrigation and aquaculture, it is imperative to have a reliable knowledge about the quality of water for its wise and judicious utilization.
Earlier river sediments were considered as a depot of various chemical species; they are now recognized as active aquatic compartment which performs the principal role in redistribution of deposited chemical species to water and aquatic biota 8, 9 . Studies have demonstrated that heavy metal concentrations in sediments are several orders of magnitude higher than their concentration in water and act as secondary source of metals to the aquatic environment 10 . Hence, metal deposition in river water and sediments should be regularly monitored to assess the overall health and suitability of water for various purposes [11] [12] [13] [14] [15] . Aquatic macrophytes growing in the natural ecosystem can be used to assess the overall health and past trends of aquatic environment 2 . Furthermore, being immobile in nature these macrophytes have developed the ability to accumulate toxic metals in their body parts, which makes them an effective bio-indicator of metal pollution 16 . Studies demonstrate that uptake of metal depends on the speciation of metal and the type of macrophytes; submerged, rooted submerged, floating and rooted merged. Further, the distribution, mobility and availability of metals to these plants are influenced by physicochemical characteristics of water 16, 17 . In view of continuous interaction among the sediment, water and aquatic biota, a simultaneous evaluation of metal concentration in these segments is essential for generating reliable information on the fate and behaviour of metal in a river ecosystem. As the river fulfils most needs of irrigation water, the contamination level needs to be monitored regularly. Further, to design an efficient pollution control and water resource management programme, data of this type is important.
The Gomti river, one of the major tributaries of Ganga, originates from a reservoir in the swampy and densely forested area near Madho-Tanda (Miankot, elevation of about 200 m amsl, 2834N and 8007E) about 3 km east of Pilibhit in Uttar Pradesh and about 50 km south of the Himalayan foot hills. The river flows in the great Gangetic alluvial plain, which is of Pleistocene-Holocene age, and redistributes the weathered sediments of the Gangetic alluvial plain derived from Himalayas. The river flowing through the districts of Pilibhit, Sahjahanpur, Jaunpur and Ghazipur in Uttar Pradesh covers a distance of about 730 km before finally joining the river Ganga near Udyarghat in Ghazipur district, about 30 km north of Varanasi. The domestic water demand of Lucknow city is partially met by the Gomti river water, delivered from Gaughat upstream of Lucknow. The river subsequently receives approximately 450 MLD of untreated domestic waste water from Lucknow city in addition to various point and non-point discharges from agricultural run-off. Like many other important rivers of the country Gomti is characterized by a sluggish flow except in the monsoon period. Sediments of the Gomti river are characterized by fine sand with slight changes along the course of the river 18 .
Several studies have assessed the metal contamination in water 3, [18] [19] [20] [21] [22] and sediments 3, 20 of river Gomti (Table 1) . However, as far as we are aware, no comprehensive study has been conducted to monitor the metal contamination simultaneously in river water, sediments and naturally grown macrophytes. In the present study, we have assessed heavy metal concentration in water, sediments and macrophytes simultaneously and toxic metals in the river ecosystem.
Materials and methods

Site description
Sampling was carried out at 10 sites along river Gomti in Lucknow city (Figure 1 ). The chosen sites were: Gau Ghat, Kuriya Ghat, Daliganj, Shaheed Smarak, Hanuman Setu, Boat Club, Lakshman Mela Ground, Khatu Shyam Vatika, Baikunth Dham and Gomti Baragge (Figure 1) . A sampling network was designed to account for inputs from waste water drains that have an impact on river quality.
Sample collection and analysis
Water
Water samples were collected from the river bank in polyethylene bottles. The physicochemical parameters were CURRENT SCIENCE, VOL. 113, NO. 8, 25 OCTOBER 2017 25 OCTOBER 1580 determined following standard methods for analysis of water and waste water 23 . For physicochemical parameters, samples were preserved by adding an appropriate reagent and brought to the laboratory in sampling kits maintained at 4C for analysis. The unfiltered water samples for total metal analysis were preserved using ultrapure nitric acid to lower the pH to <2.0. Samples were digested on a hot plate using acid mixture (HNO 3 : HClO 4 : 5 : 1). The digested samples were then filtered and the final volume was made up to 25 ml with deionized water and analysed on atomic absorption spectrophotometer (AA 240 FS, Varian) 2, 22 .
Sediment
The bed sediments of the Gomti river were collected at 10 sampling sites. The sediment samples were transferred to wide mouth 500 cm 3 polypropylene bottles. The samples were air-dried and ground in a porcelain pestle mortar. Samples of the bed sediments (1.0  0.05 g) were digested with concentrated HNO 3 : HClO 4 (5 : 1). The final volume was made up to 25 ml and analysed by atomic absorption spectrophotometer.
Macrophytes
Four aquatic macrophytes, viz. Pistia stratiotes, Eichhornia crassipes, Polygonum coccineum and Marsilea quadrifolia, were collected from the same sites along the river bank from where water and sediment samples had been collected. These aquatic plants were brought to the laboratory and then washed with running tap water followed by distilled water to remove extraneous matter. After washing, the plant material was oven-dried at 65C till constant weight. For metal estimation, one gram plant tissue was taken and digested in a solution of HNO 3 : HClO 4 (3 : 1) at 70-80C. The solution was allowed to evaporate by increasing the temperature to 105C until the solution became transparent. The final volume was diluted to 25 ml with 0.1 N HNO 3 , filtered through 0.25 m filter paper and analysed on atomic absorption spectrophotometer 24, 25 . All readings were taken in six replicates (n = 6) and the results are expressed as mean  SE.
Enrichment coefficient and translocation factor
Enrichment coefficient (EC) was determined to derive the degree of heavy metal accumulation in plants growing on contaminated environment 26, 27 Concentration of metal in roots/shoots EC = . Concentration of metal at contaminated site Translocation factor (TF) or mobilization ratio of each metal was calculated to determine the translocation of metals from the root to shoot of the plant species 26, 27 Concentration of metal in plant shoots TF . Concentration of metal in plant roots 
Results and discussion
Water
Each water body possesses a specific pattern of physicochemical characteristics which is primarily governed by the climate, geomorphology and geochemistry prevalent in that river basin. The results of physicochemical analysis and heavy metal concentrations of water are presented in Tables 2 and 3 . In the present study, the pH of water ranged between 6.54 and 8.14. The pH of river water was found to be alkaline at all sites except at two locations viz. Daliganj and Hanuman Setu; 6.54  0.29 and 6.71  0.92 respectively. Alkaline pH is known to favour the bioavailability of metals 28 . The mean value of dissolved oxygen (DO) varied between 3.69 and 7.3 mg l -1 . The maximum DO was found in the upstream section, i.e. Gaughat. In the downstream path it was depleted. This may be due to discharge of municipal and industrial effluents into the river 29 . The chloride and sulphate content in water ranged between 4.07-8.8 and 16.04-26.03 mg l -1 respectively, and found to be within the tolerance limit given by the Bureau of Indian Standards (BIS), 2012 (ref.
30) (chloride = 600 and sulphate = 1000 mg l -1 ). These ions may have become part of river water due to interaction with the soil system and/or due to use of various inorganic chemicals discharged from industries and agriculture land 2, 31 . Heterogeneous hardness of water was recorded at different sampling sites. Ca ++ and Mg ++ are the principal cations imparting hardness to water; however, Fe ++ and Mn ++ may also contribute cations. The anions influencing the hardness are mainly carbonate, bicarbonate, sulphate, fluoride and silicate 32 . Solid particles are natural constituents of river water systems and are introduced by both natural and anthropogenic sources. At all sampling locations, the value of total dissolved solids was found below the tolerance limit (2100 mg l -1 ) given by BIS (ref. 30) . The maximum nitrate concentration was found at site 3. The high concentration of nitrate along the stream in the city may be attributed to the discharge of agricultural and domestic waste water into the river 18 . The value of nitrite was found below 1 mg l -1 at sites other than 3 and 4, which may be due to discharge of industrial effluents near these sampling sites. High nitrite concentration indicates contamination due to industrial effluents with unsatisfactory microbial quality of water 11 . The values of heavy metals found in water at different sites are presented in Table 3 . The data are represented by means of six replicates  SE. The data are represented by means of six replicates  SE.
The maximum concentration of all metals (Cu, Cd, As and Pb) was found at site 10, i.e. Gomti Barrage. The water was almost stagnant at this location, which might be responsible for high concentration of these metals. The Cd concentration in the river water ranged between 0.016 and 0.068 mg l -1 . Cadmium is a toxic element and is introduced into the water body by metal industries, plastic industries, domestic waste, fossil fuel and sewerage system 33 . Arsenic concentration ranged between 0.035 and 0.061 mg l -1 . Although the prime sources of arsenic in the environment are minerals and various geo-genic processes, human activities such as use of arsenic containing pesticides, burning of fossil fuel, mining activities, use of fertilizers and wood preservatives also add to arsenic abundance in the environment 34, 35 . Though Cu is a micronutrient at higher concentrations, it is toxic to plant and animals. The concentration of Cu falls in the range 0.029 to 0.062 mg l -1 . Cu in river water might have been introduced along with waste discharged from automobiles, repair shops, electroplating units, utensil manufacturing units and workshops. Lead is a proven cumulative poison 36 . The concentration of Pb is in the range between 0.031 and 0.065 mg l -1 . The presence of Pb in water samples from all the sampling sites indicates the deposition of Pb particles from vehicular exhaust. Agricultural run-off may also have contributed to the observed levels of Pb because it can occur as impurity in fertilizers, pesticides, compost and manure 10, 18 . The present findings are in good agreement with earlier studies on river Gomti 11, 19, 20 . When the present results were compared with those from earlier studies, it was observed that there was cumulative increase in the concentration of Cu, Cd and Pb in the water of Gomti river (Table 1) . Arsenic was not reported earlier in the water of river Gomti.
Sediment
The results of heavy metal analysis in the sediments of river Gomti are given in Table 4 . All the metals studied were found to be present in high concentration in the river bed sediments at all sites. This may be due to sluggish flow of the river which allows particles to settle down. Total metal concentration in the sediments of river Gomti was found to be: Cd: 1.907-8.390, As: 3.723-14.980, Cu: 8.967-95.390 and Pb: 35.823-90.920 g g -1 (Table 4 ). The concentration of metals found in sediments are critically higher than that found in the river water. The alkalinity of river water is considered to favour the settling down of metals in the sediment. Higher concentration of metals in the river bed sediment subsequently poses high risk to benthic biota of the river due to metal toxicity. 19 . The concentration of metals in the sediment obtained in the present study is comparable to that reported earlier 11, 20 .
Macrophytes
In freshwater ecosystem, macrophytes are used as in situ bio-indicators of water quality due to their ability to accumulate chemicals including heavy metals 37 . Macrophytes take up heavy metals from the growing medium either passively, through mass flow of water in the roots or by active transport through epidermal cells of roots 38 . Under natural circumstances macrophytes can accumulate toxic metals to the magnitude several times greater than those in the substrate 2, 39 . The metal accumulations by different macrophytes studied are presented in Table 5 . The metal accumulation efficiencies of different macrophytes as observed are: E. crassipes > Pistia stratiotes > Polygonum coccineum > M. quadrifolia for As, Cd and Cu, whereas, Pb was accumulated maximum by Pistia stratiotes followed by Polygonum coccineum, E. crassipes and M. quadrifolia on an average. The concentration of metals recorded in different macrophytes is far above the concentration of respective metals in water. Among the different macrophytes, Pistia stratiotes and Polygonum coccineum have accumulated maximum amount of Pb followed by Cu, Cd and As. In E. crassipes and M. quadrifolia the relative metal accumulation pattern was found as Cu > Cd > Pb > As and Cu > Pb > Cd > As respectively. Similar metal accumulation patterns have been reported in Myriophyllum spicatum growing in contaminated water sources in Egypt 33 , E. crassipus, Ceratophyllum demersum, Typha domengensis growing naturally in the waters of river Nile 28 , and E. crassipus, Pistia stratiotes, M. quadrifolia grown in an anthropogenic lake in India 18 . Translocation factor (TF) expresses the ability of a plant to transfer the metal from roots to its aerial part and is defined as the ratio of metal concentration in the shoot with that in the roots 38 . In the present study variable TF was observed among the different macrophytes (Table 6 ). It was reported that TF value greater than one (>1) was observed in metal accumulator species, while less than one (<1) was observed in metal excluder species 2 . Results reveal that none of the macrophytes has TF > 1, which indicates that metals are mainly stored in roots which is a basic characteristic of rhizo-filtration 40 . Other studies have also reported a higher concentration of metals in the roots of aquatic macrophytes 2, 41 .
Enrichment coefficient (EC) expresses the metal accumulation efficiency of a plant with respect to its concentration in the growing medium 2 . For better understanding the metal storage within the plants, EC was separately calculated for root (EC R ) and shoot (EC S ) ( Table 5 ). The variation in EC S and EC R of different macrophytes at different sites may be attributed to variation in physicochemical characteristics of water. Further, variation in plant genotype, active/passive transfer processes within the plant, sequestration and speciation, type and nature of roots system and preferential availability of different metals may have been responsible for heterogeneous EC 42, 43 .
Conclusion
The present geochemical study of Gomti river water, river bed sediment and macrophytes suggested that the river water is polluted along the whole stretch of the river in Lucknow city. Various anthropogenic activities in and around the city contribute to the pollution. Low level of DO indicates the presence of various organic wastes in the river. Cd, Cu and Pb in the water, sediments and macrophytes have been reported earlier as well, but arsenic in water and sediments has been reported for the first time. The concentration of metals in the river bed sediment was many times higher than that in river water. The river sediments not only act as depot of metals, but also act as secondary source of metals to the water and aquatic biota. Although the concentration of Cd, Cu, Pb and As is low in water, due to continuous exposure of aquatic plants to the river water, the metals are bio-accumulated in Pistia stratiotes, E. crassipes, Polygonum coccineum and M. quadrifolia at levels beyond the toxicity threshold for many plants. These macrophytes provide food and shelter to other aquatic life. Hence there is increased probability of metal transfer to higher trophic levels by entering into the food chain. As the river water is being used for irrigation by local farmers, the risk of metal toxicity to man and animals cannot be ignored. In the coming years, increase in population will result in additional discharge of treated and untreated municipal and industrial effluents into the river which will further exacerbate the problem.
